Unlike many classical signals and hormones, exposure of the cells to electrophilic molecules potentially induces a series of characteristic and wide-ranging biological responses by covalently attaching with macromolecules such as proteins as well as small cellular reductants. In addition to chemicals originated from xenobiotics or lipid peroxidation, electrophiles in foods have recently attracted much attention. These compounds have recently been found to induce expression of cytoprotective proteins that are involved in the elimination or inactivation of oxidative stress and carcinogenic electrophiles implicated in several pathogeneses. The redox-sensitive regulating systems such as Keap1/Nrf2/ARE play a key role in this induction and thus are considered to be the most important target of electrophiles in foods. This review highlights the food-derived electrophiles as promising protectors against various diseases, with an emphasis on possible molecular mechanisms. Current knowledge of isothiocyanates (ITCs), representative electrophile compounds from cruciferous vegetables, is discussed also, with consideration of the chemistry, metabolism, absorption, and factors influencing the biological activities of ITCs. In addition, this review attempts to provide a balanced perspective on the relative beneficial and harmful effects of the food electrophiles.
Unlike many classical signals and hormones, exposure of the cells to electrophilic molecules potentially induces a series of characteristic and wide-ranging biological responses by covalently attaching with macromolecules such as proteins as well as small cellular reductants. In addition to chemicals originated from xenobiotics or lipid peroxidation, electrophiles in foods have recently attracted much attention. These compounds have recently been found to induce expression of cytoprotective proteins that are involved in the elimination or inactivation of oxidative stress and carcinogenic electrophiles implicated in several pathogeneses. The redox-sensitive regulating systems such as Keap1/Nrf2/ARE play a key role in this induction and thus are considered to be the most important target of electrophiles in foods. This review highlights the food-derived electrophiles as promising protectors against various diseases, with an emphasis on possible molecular mechanisms. Current knowledge of isothiocyanates (ITCs), representative electrophile compounds from cruciferous vegetables, is discussed also, with consideration of the chemistry, metabolism, absorption, and factors influencing the biological activities of ITCs. In addition, this review attempts to provide a balanced perspective on the relative beneficial and harmful effects of the food electrophiles.
Key words: electrophile; cytoprotection; isothiocyanate; antioxidant; apoptosis An electrophile ( Fig. 1 ) is a chemical that participates in a chemical reaction by accepting an electron pair of a nucleophile. Interest in reactive electrophiles, which are naturally occurring or endogenously generated, stems from the fact that they have powerful physiological and pathological activities. Unlike many classical signals and hormones, exposure of animals or their cells to electrophilic chemicals potentially induces a series of characteristic and wide ranging biological responses by covalently attaching to nucleic acids, proteins, and small molecules, as well as by indirectly lowering pools of cellular reductants. Historically, covalent binding of electrophiles to liver tissue, presumably protein, was first observed about 60 years ago in rats fed carcinogenic p-dimethylaminoazobenzene.
1) Thereafter, the discovery of carcinogen-DNA adducts in the early 1960s established a DNA damage-mutation-carcinogenesis paradigm that dominated the field for a long time. Therefore, interest in covalent modification of protein by electrophiles did not emerge again until studies identified hemoglobin adducts as biomarkers of carcinogen exposure.
2) The idea that electrophile-protein covalent binding contributes to the toxicity of drugs and other chemicals resurfaced in the early 1970s. The key findings of this series of studies were that microsomal enzymes metabolized certain drugs such as acetaminophen to an electrophilic metabolite that covalently binds to microsomal proteins in vitro. Moreover, covalent binding of the metabolite, closely correlated with in vivo metabolism, is blocked by reaction with hepatic glutathione (GSH), which plays a critical role in the detoxification process. These studies established key elements of the covalent binding/toxicity paradigm, which has since been extended to account not only for the toxicity of diverse xenobiotics but also for recent findings, as discussed below.
Protein covalent binding is accepted to denote irreversible protein modification generated by electrophiles, typically from xenobiotics. However, the scope of this phenomenon is encompassed from the original context of protein adducts formed by carcinogens and toxic drugs to the nature of modifications by endogenously generated electrophiles resulting from oxidative stress, glycation, and enzymatic reaction as well as protein oxidation produced by reactive oxygen and nitrogen species. These stresses derange the distribution of endogenous regulatory modifications to proteins, including phosphorylation, acylation, methylation, ubiquitination, and sumoylation. [3] [4] [5] [6] The pioneering work of Esterbauer and his colleagues on the production of cytotoxic molecules in peroxidation reactions led to the discovery of a group of conjugated aldehydes with toxic potential. 7) 4-Hydroxy-2-nonenal (HNE) and 4-oxo-2-nonenal are considered to be the most abundant members within this group. Both are causally involved in many of the pathophysiological effects associated with oxidative stress in cells and tissues. 8) One of the most important progresses in lipid peroxidation includes the finding that conjugated aldehyde-protein Michael adducts serve as one of the most useful biomarkers for the occurrence and/or the extent of oxidative stress. Additionally, prostaglandin D 2 , a major cyclooxygenase (COX) product in a variety of tissues, readily undergoes dehydration to yield electrophilic prostaglandins such as 15-deoxy-Á 12;14 -prostaglandin J 2 , which covalently reacts via the Michael addition reaction with nucleophiles, such as the free sulfhydryls of GSH and cysteine residues in cellular proteins. This covalent binding to cellular proteins might also be one of the pivotal mechanisms in the cellular responses associated with inflammation. 9) Also in plant kingdom, enzyme-derived electrophilic molecules, including the jasmonic acid precursor oxophytodienoic acid and the volatile 2-(E)-hexenal, as well as non-enzymatic lipid oxidationderived electrophile species such as malondialdehyde, HNE, and cyclopentenone phytoprostanes, appear to be ubiquitous in higher plants, where their increased production is clearly associated with wounding, pathogenesis, and environmental stress. 10) Thus the endogenous lipid-derived eletrophiles are causally involved in many of the pathophysiological effects in nature. It is thought that the mechanisms by which xenobioticderived and endogenous electrophiles induce toxic and pathological phenomena respectively essentially share the same chemistry.
In addition to xenobiotics and lipid peroxidation products, electrophiles in foods have recently attracted much attention. This review discusses food-derived electrophiles as promising protectors against neoplasia, toxicity, and many chronic pathological conditions, with an emphasis on possible molecular mechanisms. The current topic of isothiocyanates (ITCs), representative electrophilic compounds from cruciferous vegetables, is also included, with consideration of the chemistry, metabolism, absorption, and factors influencing the biological activities of ITC.
I. Cytoprotection by Electrophile Counterattack Response
All eukaryotic organisms have exquisite protective mechanisms to counteract the damaging effects of oxidants and electrophiles, both of which are responsible for the pathogenesis of chronic diseases, including cancer, atherosclerosis, and neurodegeneration, and for the degenerative processes of aging. [11] [12] [13] [14] Especially, electrophiles are detoxified by a group of functionally diverse phase 2 enzymes, including GSH transferases (GSTs), UDP-glucuronosyltransferases (UGTs), and NAD(P)H:quinone oxidoreductase 1 (NQO1).
11) The sequential three-step metabolic reactions of xenobiotics are catalyzed primarily by three families of proteins (Fig. 2) . First, phase 1 enzymes, mainly cytochrome P450 (CYP) enzymes, catalyze reactions resulting in the introduction of functional groups into hydrophobic organic molecules. In most cases the reaction products are inactive, but some are potently electrophilic and damaging to biological macromolecules. Seceond, phase 2 enzymes competitively suppress xenobiotic activation by catalyzing the conjugation of the phase 1 products with hydrophilic compounds, increasing their solubility and facilitating their excretion. Finally, export of the biologically inactive metabolites is done through the action of phase 3 efflux transporters. As for the metabolism of procarcinogens, the balance between their activation (phase 1) and detoxification (phases 2 and 3) is the most important determinant of their carcinogenicity. Thus this scheme led to the widely accepted proposal that protection against carcinogensis can be achieved by enhancing the capacity for phase 2-dependent detoxification of electrophiles and oxidants. 15) This proposal is suggested by two parallel lines of research, which introduce a certain constellation of metabolic responses designated as electrophilic counterattack response. A pioneer study by Wattenberg demonstrated that the phenolic antioxidants, 2(3)-tertbutyl-4-hydroxyanisole (BHA) and 3,5-di-tert-butyl-4-hydroxytoluene, commonly used as food preservatives, protect rodents against a wide range of chemical carcinogens. 16) Subsequently, Talalay and his colleagues reported that administration of BHA to mice reduced the formation of mutagenic metabolites from benzo[a]pyrene and raised the activity levels of classical phase 2 detoxication enzymes such as GST in many tissues. 17) These observations led to the suggestion that the protective function of phenolic antioxidants, which can be metabolically converted into electrophiles, can be ascribed to the induction of the phase 2 response, that is electrophile counterattack responses. 18) In the following decades, the evidence supporting this suggestion became dramatically more convincing.
Since the phase 2 enzyme genes are highly inducible, phase 2 protective systems can be upregulated by a wide variety of chemically diverse inducers. 19) To date, many potent phase 2 gene inducers present in plants that are normally contained in the human diet, have been identified. 19, 20) Indeed, several epidemiological studies have indicated that the protective effects of high levels of vegetable consumption against the risk of developing cancer may be at least partly attributable to induction of phase 2 genes.
19) The prospects of achieving chemoprotection against malignancy by dietary modification are therefore accepted to be realistic and highly promising. The latter part of this review traces examples of electrophilic dietary constituents, which can activate the phase 2 protection system.
It has recently become clear that phase 2 gene inducers also act as indirect antioxidants in a manner different from radical-scavenging direct antioxidants, 21) based on the following reasons ( status (e.g., ferritin and thioredoxin). Hence it is more accurate to refer to them as cytoprotective proteins. 21) (ii) Functionally, many cytoprotective proteins play multifunctional roles. For example, all GSTs catalyze the detoxification of a wide array of endogenous and exogenous electrophiles, whereas some GSTs have GSH peroxidase activity towards hydroperoxides. 22) (iii) Some cytoprotective proteins catalyze reactions whose products are small direct antioxidant molecules. For example, HO-1 generates carbon monoxide and biliverdin/bilirubin, and -glutamylcysteine synthetase catalyzes the rate-limiting step in the synthesis of GSH, the most abundant cellular small-molecule antioxidant.
(iv) The phase 2 enzymatic systems are responsible for regeneration of small molecule direct antioxidants.
21)
GSH reductase plays a major role in regenerating reduced GSH, which participates in the reduction of dehydroascorbate, which maintains ascorbate in its reduced state. The small redox protein thioredoxin together with thioredoxin reductase catalyzes the reduction of both oxidized thioredoxin and dehydroascorbate. Furthermore, NQO1 regenerates ubiquinol and tocopherol in their reduced forms. (v) The genes encoding for cytoprotective proteins are coordinately induced by a common molecular mechanism. Three cellular components participate in the gene expression of cytoprotective proteins: the antioxidant response elements (ARE), specific sequences that are present in the promoter regions of phase 2 genes; nuclear factor erythroid 2-related factor 2 (Nrf2), a basic leucine zipper transcription factor; and Kelch-like ECH-associated protein 1 (Keap1), the sensor and chemical target for electrophiles and oxidants. Among these, the highly reactive cysteine residues of Keap1, a Cul3 ubiquitin ligase adaptor protein, interact with inducers abrogating the capacity of Keap1 to repress Nrf2, which binds to the ARE to activate transcription of various cytoprotective genes at the same time. Normally Keap1 regulates the active degradation of Nrf2 by functioning as an adaptor for Cul3-dependent ubiquitination. The generation of nrf2-knockout mice provided an unequivocal demonstration of the cytoprotective role of Nrf2-dependent gene products in a series of elegant experiments using various models of electrophile and oxidant toxicities. 23) In addition to the Keap1/Nrf2/ARE-dependent mechanism, recent studies have implicated cysteine thiols present in various key factors, including inhibitor B (IB)/nuclear factor (NF)-B/activator protein (AP)-1 and p53, as redox sensors in the transcriptional regulation of many genes essential for maintaining cellular homeostasis. Also, some chemopreventive electrophilic agents have been found to target cysteine thiols present in transcriptional factors or their regulators. 24) Although elucidation of the molecular and cellular targets of chemopreventive agents remains a big challenge, pharmaceutical and dietary modulation of thiol-containing key regulatory factors directly via covalent modification by electrophiles in foods should be a unique and potentially effective strategy for protection of cells against oxidative and inflammatory damage. GST as GSH peroxidase. 3) Some cytoprotective proteins produce small direct antioxidants.
II. Electrophiles in Foods
e.g., HO-1; CO and biliverdin/bilirubin, -glutamylcysteine synthetase; GSH. 4) The phase 2 enzymatic systems are responsible for the regeneration of small antioxidants. e.g., GSH reductase; reduced GSH and ascorbate, NQO1; reduced ubiquinol and tocopherol. 5) The genes encoding for cytoprotective proteins are coordinately induced by a common molecular mechanism (The ARE/Nrf2/ Keap1 system).
microtiter plates. 25) It was first used to identify Michael reaction acceptors functionality as the principal chemical signal responsible for inducer activity.
26) It has subsequently become the primary tool in evaluating the inducer potencies of many synthetic and natural candidates as chemoprotective agents. [26] [27] [28] By the use of this test, a number of organic solvent extracts of various edible plants were tested for their ability to induce NQO1. It was found that cruciferous vegetables were especially rich in inducer activity. From one variety of broccoli, sulforaphane (SFN) was isolated and identified as the principal and highly potent inducer present. 28) In addition to ITCs, at least eight other chemically distinct classes of NQO1 inducers have been identified. Among these are: (i) oxidizable diphenols, phenylenediamines, and quinines, (ii) Michael reaction acceptors, (iii) hydroperoxides, (iv) vicinal dimercaptans, (v) trivalent arsenicals, (vi) 1,2-dithiole-3-thiones, (vii) divalent heavy metals, and (viii) carotenoids and other conjugated polyenes.
Comprehensive reviews of the chemistry of inducers claimed that the unifying feature among most of them is their electrophilicity, that is, reactivity with sulfhydryl groups, either by nucleophilic substitution or in redox reactions. 26) Most importantly, the inducer potency parallels the reactivity with thiol groups. 26) For example, olefins conjugated with electron withdrawing groups (CH 2 =CH-Z) are known to be susceptible to attack by nucleophiles and to induce phase 2 enzymes. As empirical knowledge, the order of reactivity of
29) Furthermore, alkyl substituents on the olefin might decrease reactivity by electronic and steric effects. 26) Unfortunately, simple molecular descriptors for electrophilicity are currently unavailable. However, recent study suggests the utility of the global electrophilicity index (!), which models the ability of a chemical to accept electron density (equation:
The index is derived from chemical potential () and chemical hardness (), which is related to the energies of the highest molecular orbital (HOMO) and the lowest unoccupied orbital (LUMO).
It should be noted that planar aromatic hydrocarbons such as 2,3,7,8-tetrachlorodibenzo-p-dioxin, polycyclic aromatic hydrocarbons, azo dyes, and -naphthoflavone, elevate both phase 2 and phase 1 genes, whereas monofunctional inducers as explained above elevate phase 2 enzymes selectively. 31) It has been found that these dual functional inducers have no electrophilic moiety and depend on aryl hydrocarbon (Ah) receptor function or Ah hydroxylase expression. Therefore, in selecting phase 2 inducers for clinical use, attention should be paid to whether the inducers participate in Ah receptor-dependent phase 1 gene induction.
In addition to the NQO1 assay, we have developed a convenient assay to measure GST induction.
32) The choice of GST as a phase 2 enzyme prototype was dictated by its function related to direct detoxification of carcinogens, and wide distribution, similar responsiveness to rodent issues, coordinate induction with other phase 2 enzymes, and a large dynamic response to inducers. By this test, we have identified a number of inducers from various sources, including HNE, 33) 15-deoxy-Á 12;14 -prostaglandin J 2 , 34) ebselen, 35) tert-butylhydroquinone, 36) citral from lemongrass, 37) zerumbone from a tropical ginger, 38) aurone-related compounds from an edible flower (unpublished data), ITCs, 32, 39, 40) and so forth (Fig. 3) . Previous study indicates that the potency of NQO1 inducers parallels their efficacy as GST substrates. 41) Expectedly, the chemistry of inducers is quite similar to that elucidated by the NQO1 induction study. Electroplilic reactivity with sulfhydryl groups is essential to induction potential, although we pointed out the structural requirement of inducers other than electrophilicity as discussed below. 32) This research provides strong evidence that the strategy of searching for new chemoprotective agents by bioassays that measure the induction of phase 2 enzymes is both valid and effective. In the following sections, examples of electrophiles in foods are given, with consideration of the chemistry and potential targets.
Polyphenols having a catechol or galloyl moiety
Dietary polyphenols, such as flavonoids having a catechol or galloyl moiety, are the most common and widely distributed phytochemicals in fruits and vegetables, including green tea, wine, cocoa, and berries. The antioxidant properties of these compounds are often claimed to be responsible for the protective effects of these components against oxidative stress-related diseases. 42) Alternatively, a wealth of data suggests that most of the relevant mechanisms of disease prevention by polyphenolic flavonoids are not related to their antioxidant properties, but rather are due to the prooxidant action [43] [44] [45] [46] [47] and direct interaction of flavonoids and target molecules (Fig. 4) . 48, 49) A few proteins that can bind directly with flavonoids have been identified by predicting the target molecule, including fibronectin, fibrinogen, histidine-rich glycoprotein, fatty acid synthase, and serum albumin. [50] [51] [52] [53] Oxidation of flavonoids with a catechol group in their B ring leads to the formation of a flavonoid quinone, which rapidly reacts with sulfhydryls in GSH or protein cysteine residues to form cysteinyl flavonoid adducts. 54, 55) More recently, it was found that (À)-epigallocatechin-3-gallate forms covalent adducts with protein sulfhydryls through autoxidation. 56) Although in vivo covalent modification of Keap1 by polyphenols have not been detected, electrophilicity of oxidized diphenol quinones is a prerequisite for phase 2 induction. 36, 57, 58) In addition to the Keap1/Nrf2/ARE system, ubiquitous cell singaling mediators, including NF-B, AP-1, and p53, might be prime binding targets of diverse classes of polyphenol compounds. Although the physiological significance of the covalent binding for the biological activities of flavonoids is not yet clear, the identification of proteins that bind covalently with flavonoids should be helpful for understanding the underlying molecular mechanisms. Recently we developed a new probe to detect protein modification directly by polyphenol compounds using a biotin-tagged 3,4-dihydroxyphenylacetic acid (Bio-DPA), which is a major in vivo metabolite of quercetin, 59) and identified -actin as a target protein using a proteomic approach. 60) This provides an alternative approach to confirm that catechol type polyphenol is a potential modifier of redox-dependent cellular events through sulfhydryl modification.
Michael acceptors
Zerumbone, a sesquiterpene compound present in tropical ginger (Zingiber zerumbet Smith), was first isolated as an inhibitor of tumor promoter-induced EB virus activation. 61) Zerumbone is a potent protective agent against skin carcinogenesis in mice and the formation of aberrant crypt foci in the rat colon. 62, 63) It inhibited NF-B activation, the generation of NF-Bregulated gene products, including cyclin D1, COX-2, and matrix metalloproteinase (MMP)-9, and lipopolysaccharide (LPS)-and interferon-induced IB kinase (IKK) degradation. 64, 65) Zerumbone effectively inhibited 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced superoxide anion generation in human promyelocytic leukemia HL-60 cells, and down-regulated the expression of COX-2 and inducible NO synthase in RAW 264.7 mouse macrophages. 66) In addition, it inhibited the proliferation of and induced apoptosis in human colonic adenocarcinoma cells. It also induces phase 2 enzymes, including GSTP1, -glutamylcysteine synthase, GSH peroxidase, and HO-1 via the Nrf2-dependent pathway with the neutralization of lipid peroxidation in hepatocytes. 38) Interestingly, the reduced analogs of zerumbone (-humulene and 8-hydroxy--humulene) did not show any effect. 38, 65, 66) Therefore, the electrophilic property, characterized by reactivity with intracellular nucleophiles, at the 8-position ,-unsaturated carbonyl group plays an important role not only in the induction of phase 2 enzymes but also in the inhibition of inflammatory events. More recently, Murakami and his colleagues developed a new probe to detect directly protein modification by zermubone, and identified potential targets. 67) Likewise, citral, which was isolated from lemongrass and has an ,-unsaturated aldehyde group, has a significant ability to suppress oxidative stress, possibly through phase 2 gene induction. 37) Curcumin, a polyphenolic natural compound that possesses anti-tumor and anti-inflammatory properties, 68) has phenolic hydroxyl groups in addition to a unsaturated -diketone structure as Michael acceptor centers. It inhibits NF-B activation by interfering with IB degradation and also by reacting with p50 in the NF-B complex through thiol modification.
69) It also induced irreversible inhibition of thioredoxin reductase activity by alkylation of both residues in the catalytically active site (Cys496/SelenoCys497) of thioredoxin reductase, 70) which regulates the activity of NF-B. In addition, curcumin has been reported to induce HO-1 expression through Nrf2 activation in vascular endothelial cells.
71) The presence of two structural elements, hydroxyl groups at the ortho-position on the aromatic rings and -diketone functionality, was found to be required for high inducer potency, 72) even though its direct interaction with Keap1 was not identified. Likewise, caffeic acid phenethyl ester, the chalcone derivative isoliquiritigenin, xanthohumol, and 10-shogaol, having both phenolic and unsaturated ketone moieties, are known to induce Nrf2-mediated phase 2 gene expression and to interact with Keap1 in vitro. addition, phenylpropanoids, including eugenol and its derivatives isolated from clove as well as 1 0 -acetoxychavicol acetate from a tropical ginger, also show protection against carcinogenesis, possibly in an electrophilic reaction-dependent manner. [74] [75] [76] [77] The chemical structures of these compounds are shown in Fig. 5 .
III. Isothiocyanates as Representative Electrophiles in Foods
1. Isothiocyanates and chemoprevention ITCs (Fig. 6 ) are representative well-studied electrophilic compounds in foods. Naturally occurring in abundance in cruciferous vegetables including broccoli, watercress, Brussels sprouts, cabbage, Japanese radish and cauliflower, they have been accepted to play significant roles in affording the cancer chemopreventive activity of these vegetables. They are stored as glucosinolates (GSs) in plants and are released when the plant tissue is damaged or ground. Within the plant, the GS content can vary between and within members of the cruciferous vegetables depending on cultivation environment and genotype. There are over 120 glucosinolates in various plants, each yielding different aglycone metabolic products, including ITCs. 78) For example, SFN, one of the best investigated ITCs, is particularly abundant in broccoli (Brassica oleracea L. var. italica) in the form of its corresponding GS, glucoraphanin.
-Phenethyl ITC (PEITC) is also a well-characterized ITC. It is found as its corresponding glucosinolate, gluconasturtiin, in considerable quantities in water cress (Nasturtium officinale L.). Benzyl ITC (BITC) is formed from benzyl glucosinolate (glucotropaeolin) in papaya (Carica papaya). The general structure of GS consists of a -D-thioglucose group, a sulfonated oxime group, and a variable side chain. The chemopreventive properties of cruciferous vegetables might be attributable to their high content of GSs, which is responsible for their pungent odor and biting taste. Indeed, certain GSs (benzyl-, p-hydroxybenzyl-, and 2-hydroxybut-3-enyl GSs) themselves induce phase 2 carcinogen detoxication enzymes.
78) The conversion from GSs into ITCs is catalyzed by myrosinase, a thioglucosidase that is physically separated from GSs under normal conditions, but in the human diet the myrosinase in cruciferous vegetables is occasionally heat-inactivated. GSs can also be hydrolyzed in the intestinal tract, because the microflora possess myrosinase-like activity.
79) Therefore, most attention has focused on the cancer-preventive potential of the GS metabolites, ITCs, as described in this report.
Various ITCs are effective chemoprotective agents against chemical carcinogenesis in experimental animals. 79, 80) More recently, several epidemiological studies have indicated that dietary consumption of ITCs or ITC-containing foods correlates inversely with the risk of developing lung, breast, and colon cancers, [81] [82] [83] providing evidence that they have potential to prevent cancer in humans. In addition, the genetic polymorphism of human GST isozymes provides another point of view. Zhao et al. found that higher weekly intake of ITCs reduced the risk of lung cancer to a greater extent among subjects with homozygous deletion of GSTM1 and/or GSTT1.
81) London et al. also reported a more significant association between the urinary ITC level and reduced lung cancer risk among subjects with the deletion of GSTM1 or GSTT1 than among normal genotypes. 84) ITCs are known to be metabolic substrates for GSTM1 and GSTT1, 85) implying that the delayed metabolism and elimination of ITCs in subjects with deletion of GSTM1 or GSTT1 contributes to maintaining the blood/tissue concentrations of ITCs and thus to the more sustained effects derived from cruciferous vegetables. Indeed, one study investigating a population in Singapore reported higher ITC excretion among GSTT1 positive individuals than for GSTT1 null, but no similar trend was observed for GSTM1.
86) Therefore, these results do not allow us to exclude the possibility that the elevation of the total phase 2 drug metabolizing enzyme activity by ITCs is more significant in these subjects. On the contrary, other studies have shown that the GSTM1 null genotype produced a significantly higher rate of SFN metabolite excretion. 87) These inconsistencies can be explained by differences in the predominant ITC consumed, the class of GST null genotype present (GSTT1 versus GSTM1), or the cancer of interest. Despite these conflicting results, the impact of polymorphisms on ITC metabolism and bioavailability is one of the most important research areas that can aid in the understanding of response variability to ITCs in human populations.
Mechanistically, ITCs are capable of inhibiting both the formation and the development of a cancer cell through multiple pathways: inhibition of carcinogenactivating CYP monooxygenases, induction of carcinogen-detoxifying enzymes, induction of apoptosis, and inhibition of cell cycle progression. 88) ITC can function by blocking initiation via inhibiting phase 1 enzymes through electrophilic interactions with CYP or regulating their transcript levels. Phase 1 enzymes usually involve oxidation, reduction, or hydrolysis, and generally cause detoxification, but are also involved in converting procarcinogens to carcinogens. Inhibition of phase 1 enzymes is hence thought to be an important step in blocking chemically-induced carcinogenesis. Although CYP inhibition is of interest, the blocking theory of ITCs has focused on phase 2 xenobiotic metabolizing enzyme induction via Keap1/Nrf2/AREdriven gene expression on the basis of observations, as discussed above. A succession of reviews has recently addressed phase 2 gene induction by ITCs and the underlying molecular signaling mechanisms. 88, 89) In addition, cancer preventive mechanisms dealing with the inhibition of cancer cell development has attracted considerable attention. In this regard, apoptosis induced by various ITC compounds has been extensively studied, mainly in cancer cell lines derived from various tissues.
Chemistry, metabolism, and molecular targets of isothiocyanates
The metabolism of GSs and ITCs is summarized in Fig. 7 . The initial reaction involves enzymatic hydrolysis of the GS precursor of ITC found in the plant. As shown above, this reaction is catalyzed by myrosinase, a -thioglucosidase, which cleaves the glycone from the GS forming glucose, hydrogen sulfate, and one of many different rearranged aglycones, including thiocyanate, ITC, or a nitrile, depending on the GS, the reaction pH, and the availability of ions. 78) At neutral pH, the major GS hydrolysis products are stable ITCs.
Exposure of the cells to ITCs has been demonstrated to lead to rapid, high intracellular accumulation. Reduced GSH, the most abundant thiol-carrying molecule in a cell (1-10 mM in cells), is known to be primarily responsible for the conjugation of ITCs, which results in the formation of dithiocarbamates (DTCs, R-NH-CS-S-R 0 ). GSH is also the major driving force in ITC accumulation, 90, 91) which is further enhanced by GST. 90 ) Intracellular ITC accumulation is very rapid, and its levels can reach 100-to 200-fold over the extracellular concentrations. For example, when murine hepatoma Hepa 1c1c7 cells were treated with 10 mM BITC or 50 mM SFN for 30 min, the total intracellular levels were 1.9 and 5.1 mM respectively. 90) Exposure of the cells to 50 mM BITC for 30 min consistently depleted GSH, by approximately 50%. 39, 91) Intracellular GSH elevation, resulting from the induction of GSH biosynthesis, counteracts not only GSH depletion by ITCs but also ITC-induced biological responses. Several ITCs are also effective in inhibiting glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a model protein having active thiol groups, while the non-electrophilic O-methyl benzylthiocarbamate (Bz-NH-CS-O-CH 3 ) does not. 92) This structure-activity relationship has been found also in some biological activities in cultured cells and animals, including suppression of the NADPH oxidase-dependent superoxide generation, 92) induction of GST, 32) and mitochondrial function modification. 93) Hence, it is very likely that ITCs can modify other intracellular thiol molecules, including protein sulfhydryls, within the cells.
It has recently been reported that covalent conjugation with GSH is reversible and that the conjugates can undergo either a dissociation or replacement reaction. Mi et al. found that intracellular formation of PEITC-or SFN-GSH conjugates occurred with a peak within 0.5 h after treatment of A549 cells with ITCs, and that this dropped quickly with increasing incubation time. 94) On the other hand, ITC-protein binding gradually becomes the major reaction, which accounts for 87% of total cellular uptake after 4 h of treatment. A correlation between the amount of protein binding and the inhibitory effect on cell proliferation was also observed. These results suggest that modification of cellular proteins via direct covalent binding of ITCs is an early event in anti-carcinogenic activity, such as cell cycle arrest or apoptosis induction. Further experiments using radio isotope-labeled ITCs identified tublin as a binding partner protein of ITCs triggering cell-cycle arrest and apoptosis induction. This was the first demonstration showing an in vivo conjugation between ITC and intracellular human protein. Interestingly, no protein had been identified as an in vivo binding partner for ITCs until tublin was identified, although there are many hypotheses as to the interaction between ITCs and protein sulfhydryl. For example, active redox sensor cysteins on Keap1 are believed to be the most plausible target for electrophilic ITCs. Recent advances in understanding how Keap1 interacts with Nrf2 have provided clarification of this process. Nrf2 has two Keap1-binding sites in the Neh2 domain, the ETGE motif and the DLG motif, leading to binding with two molecules of Keap1.
96) The binding of the DLG motif to Keap1 is thought to be more easily disrupted by conformational changes within the two interacting Keap1 molecules than that of the ETGE motif. The deletion mutant protein of the DLG motif from Nrf2 has a longer half-life within the cell, indicating that the binding of DLG to Keap1 is associated with Cul3-proteasome degradation. 97, 98) Direct thiol modifications of Keap1 by electrophiles can trigger destabilization and disruption of the binding to the DLG motif and profoundly change the conformation of the Keap1 dimer. Although Cys151 in the BTB region and Cys273 and Cys288 in central linker domain in Keap1 were identified to be essential for regulating Nrf2, 99, 100) this conformation change was not sufficient to disrupt physical binding between Nrf2 and Keap1 mediated by high affinity binding of the ETGE motif. 101) In other words, thiol modification only negated Keap1-mediated Nrf2 ubiquitination and did not disrupt Nrf2/Keap1 binding directly. Recently, alkylation of Keap1 central linker domain cysteines by electrophiles led to a switch in ubiquitination from Nrf2 to Keap1. 102) Direct binding of ITCs to Keap1 was detected only in in vitro experiments, using recombinant or ectopic expressed Keap1. It has been found that the preferred SUF adduction of human Keap1 sites included Cys77 in the BTB domain, Cys226, Cys249, and Cys257 in the central linker domain, Cys489, Cys513, Cys518, and Cys583 in the Kelch repeat domain, and Cys624 in the C-terminal domain, although neither Cys151, Cys273, nor Cys288 was modified except at high concentrations (Fig. 8) . 103) Recent studies of Keap1 reactions with several electrophiles also indicate that not only targeting selectivity but also the inducibility of ubiquitination switching varies with the electrophile structure. 102) Further studies are needed to delineate the actual functions of the modifications of active cysteine residues by ITCs.
Previous in vitro experiments advocate the possibility of interaction between ITCs and protein thiols under physiological conditions, because the protein thiols are involved in numerous reactions, including oxidation, glutathiolation, nitrosylation, disulfide interchange, and thioether and thioester formation, which are required to execute several intracellular signaling. Therefore, the following candidate proteins have been postulated as ITC targets: Keap1 and proteasome components in the Nrf2-dependent phase 2 enzyme induction pathway, thioredoxin and dual specificity phosphatase 8 (DUSP8; alternative name, M3/6 or JNK phosphatase), 104, 105) gp91
PHOX of NADPH oxidase (Nox2), 92) adenine nucleotide translocase, 93) CYP isozyme, 106) histone deacetylase, 107) a transient receptor potential (TRP) family of ion channels (TRPA1), 108) and so on. Among ITCs, phenyl ITC (PITC) is a unique inactive ITC but has electrophilic reactivity to modify protein function in vitro. 93) Substitution of an nitro group into the para-position of PITC, which might increase not only in electrophilicity but also in polarity, made it active in phase 2 enzyme induction in rat hepatocytes. 32) It should be noted that PITC can accumulate only to a low level in murine hepatoma cells, 109) suggesting another structural requirement for the biological activity ITCs such as proper polarity to increase intracellular accumulation. Furthermore, recent paper implied that the size and hydrophobicity of the side group of ITCs appear to be important in binding site accessibility and selectivity to target sites buried in pockets. 95) Therefore, it is very likely that ITCs having different side chains exhibit distinct selectivity for target proteins or sites.
After absorption, ITCs are predominantly metabolized via the mercapturic acid pathway (Fig. 7) . The enzymes that catalyze GSH conjugation to ITCs are a family of GST enzymes, and polymorphisms in these enzymes have a significant impact on overall ITC metabolism, as discussed above. The DTCs formed during ITC digestion are further metabolized into cysteinylglycine, cysteine and N-acetyl-L-cysteine (NAC) via the mercapturic acid pathway in the kidney, and are excreted in the urine. Therefore, the formation of ITC-NAC conjugates, which is reported to occur within 24 h of the consumption of cruciferous vegetables, 110) serves as a metabolic marker of ITCs released from the GSs.
All thiol conjugates of ITCs in aqueous solution exist in equilibrium with the free form; thiol conjugates are deconjugated over time to yield ITCs and thiols until a state of equlibrium is reached. The rates of cleavage are thought to depend on the structures of both the respective thiol moieties and the ITCs.
106) The order of the half-life of deconjugation was reported to be ITC-cysteine < ITC-GSH < ITC-NAC. The NAC conjugates were least easily deconjugated, indicating that the final products of the mercapturic acid pathway are more stable than their GSH or cysteine conjugate precursors. The decomposition of thiol conjugates of ITCs is also pH dependent. 106) A mechanism for the influence of hydroxyl ions on the decomposition of thiol conjugates of ITCs has been proposed: A hydroxyl ion deprotonates the conjugate nitrogen, leading to elimination of the thiol leaving group and regeneration of the ITC. The physiological implication of the influence of pH on thiol-ITC decomposition is that orally administered thiol-ITCs remain intact when absorbed through the stomach mucosa, but probably dissociate to ITCs to a much greater extent in the intestinal tract. Furthermore, on the basis of the law of equilibrium process, the plasma and tissue concentrations of GSH (0.5-10 mM) might retard the deconjugation of ITC-thiol conjugates in vivo, and therefore free ITCs are not readily available from thiol conjugates. Although the biological activities of DTCs and the ITC-NAC conjugates are not fully understood, they are not ultimately inactive, possibly due to dissociative conversion into free ITCs. 106, 111) Technically, when exposed to analytical conditions such as the neutral pH required during sample preparation, the DTCs formed between ITCs and protein cysteines might also not be stable. This instability makes it difficult to understand the biological relevance of the covalent binding of ITCs to specific cysteine residues. On the contrary, ITCs are known to react with amino moieties of protein under alkaline pH, forming a stable ITC-amine conjugate. This reaction has been utilized in protein sequencing (Edman degradation) and protein labeling with fluorescent dye. More recently, Kato and his colleagues reported that although ITCs preferentially react with thiol rather than with lysyl residue, ITCs can be liberated from the thiol-adducts and can then react with amino groups of protein under physiological conditions (Fig. 9) . 112) Furthermore, a physiological role of ITC-amine adduct formation has been suggested. Although allyl ITC (AITC) primarily targets the three cysteines that are essential for TRPA1 activation by electrophiles, the triple cysteine-to-alanine substitution mutant retains a weakened but finite sensitivity to ITCs, and replacement of a certain lysine with arginine renders this triple mutant completely insensitive to AITC. 108) This information is essential to increase our knowledge of the mechanisms underlying ITC-induced biological activities and should help in designing more efficacious ITC-related compounds for the prevention and treatment of cancer. Therefore, development of more sensitive and specific detection methods, including MS analysis or an anti-ITC antibody, is required to identify a novel target for ITCs.
Benzyl isothiocyanate as a biologically active electrophile
Our group has focused on the diverse biological activities of ITCs and has demonstrated potent inducing effects of phase 2 enzyme and apoptosis by BITC isolated from an extract of papaya whole fruits. 32, 39, 92, 93, [113] [114] [115] [116] [117] [118] [119] Although exhibiting a spectrum of biological activities similar to those of SFN and PEITC, both of which are representative ITCs in cruciferous plants, BITC is rare in Brassicaceae vegetables.
78) It should also be noted that BITC has unique potential to inhibit cell growth, specifically in proliferating cells, 119) and to exhibit an antioxidant effect in an electrophilic reaction-dependent manner. 92) Therefore, papaya fruits have been given much attention because of their specific content of BITC. 118) In this section, we give an overview of recent progress made in the study of the chemopreventive potential by BITC and the signal transduction pathways involved.
There is no evidence that BITC itself acts as radical scavenging-type antioxidants. A major mechanism underlying the biologically active antioxidant effects of BITC is believed to work via Keap1/Nrf2/ARE pathway, because BITC induces GST gene expression in an electrophilicity-dependent manner. 32) In addition to the antioxidant protein expression, it is documented that exposure of the cells to ITCs results in increased resistance to oxidative damage. Our group found that BITC as well as other ITCs are potent inhibitors of leukocytic NADPH oxidase generating a great amount of superoxide anions during a TPA-induced oxidative burst of the differentiated human leukemia HL-60 cells. 92) This phenomenon might work through covalent attachment with ITCs to a putative target protein.
Pretreatments of mouse skin with BITC significantly attenuated the hydrogen peroxide level in a mouse skin inflammation model with double TPA application, 68, 76) suggesting that BITC indeed acts as an inhibitor of superoxide generation in mouse skin. 92) A histological study showed that BITC inhibited the TPA-induced leukocyte infiltration and activation in the dermis. 116) In line with mounting evidence that inhibitors of ROS generation are effective chemopreventors against several cancers, topically-applied BITC dose-dependently inhibited 7,12-dimethylbenz[a]anthracene-initiated and TPA-promoted papilloma formation in ICR mouse skin, 92) suggesting that BITC has potential to prevent inflammation-related carcinogenesis, possibly in an antioxidant-related fashion.
Apoptosis induction by ITCs was first documented by Kong et al. in 1998. 120) BITC, PEITC, phenylbutyl, and phenylhexyl ITC, but not PITC, significantly induced caspase 3-dependent apoptosis in human cervical cancer HeLa cells. Subsequently, these ITCs, as well as other ITCs, including SFN and AITC, were found to induce apoptosis in a variety of cultured human and animal cell lines, as well as animal tissues and cancer cell xenografts in vivo.
88) The apoptosis-inducing potency of ITCs appears to be partly responsible for their chemopreventive efficacy in some animal models. 121) Multiple apoptotic pathways are involved in the treatment of cells with ITC-induced caspase activation. We demonstrated that BITC induced mitochondrial cytochrome c release and subsequently activated the mitochondrial death pathway in rat hepatocytes, possibly through a cellular redox status-dependent mechanism. 113) We also provided evidence of the involvement of c-Jun-N-terminal kinase (JNK) in Bcl-2 modification in several human cancer cell lines, which should be added to the list of ITC-induced apoptosis signaling pathways. 114) In addition to such potential signaling pathways, it should be noted that ITCs are able to cause direct damage to mitochondria and to induce the release of cytochrome c. 93, 113) We also observed that exposure of cells to BITC resulted in inhibition of the G 2 /M progression 114) and up-regulated expression of G 2 /M cell cycle arrestregulating genes, including p21 waf1/cip1 . 115) It is noteworthy that regulation of the cell-cycle progression at the G 2 /M phase is mediated by p38 mitogen-activated protein kinase (MAPK), and is a prerequisite for the apoptosis induced by BITC, 114) while to our knowledge a direct link between the cell-cycle regulation and apoptosis induced by other ITCs, including SFN, has not yet been documented. 122 ) Furthermore, we indicated for the first time that BITC treatment resulted in G 2 /M phase-specific phosphorylation of anti-apoptotic Bcl-2 protein through a JNK-dependent pathway. Thus we concluded that phosphorylated Bcl-2 is a key molecule linking p38 MAPK-dependent cell-cycle regulation with JNK activation by BITC, providing a novel insight into the molecular mechanism of ITC-induced apoptosis.
The data concerning G 2 /M cell-specific apoptosis induction by BITC led us to the hypothesis that BITC shows a selective cytotoxic effect on the proliferating cells having higher mitotic division indices. Successfully, we observed in experiments using a pre-synchronization technique that BITC preferentially induced the cytotoxic effect in the proliferating cells more markedly than in the quiescent cells. 117) We also found that BITC induced p53 phosphorylation and accumulation through an ataxia telangiectasia, mutated/ataxia telangiectasia and Rad3-related (ATM/ATR) kinase signaling pathway. Downregulation of p53 by siRNA resulted in enhancement of susceptibility to apoptosis due to BITC with abrogation of G 0 /G 1 arrest, accompanied by declining expression of p21 waf1/cip1 and p27 kip1 , suggesting that the cell-cycle progression around the S to the G 2 /M phase might be an important determinant of sensitivity to BITC. In other words, the p53 accumulation maintaining the cells at the G 0 /G 1 phase might play an important role in resistance to the cytotoxic effects of BITC in the quiescent cells. Thus we identified p53 as a novel negative regulator of apoptosis induction by BITC in colon fibroblasts through the inhibition of cell-cycle progression at the G 0 /G 1 phase.
117) The p53 tumor suppressor gene plays a key role in the cellular response to genotoxic stress. Mutation or loss of p53 has been observed in more than 50% of all tumors and in almost every tumor type. Although the role of p53 in ITC-induced apoptosis in cancer cells is controversial, 121) these findings imply that BITC has the potential to induce apoptosis in the p53-mutated proliferating precancerous cells in preference to the p53-active normal cells. The lack of selectivity in the killing of tumor and normal cells is a major obstacle in apoptosis study and cancer therapy. In principle, chemotherapic drugs and chemopreventive agents possessing cytotoxic activity discriminate poorly between normal and cancerous cells. Therefore, we propose that BITC, inducing cellcycle regulation in S-G 2 /M-dependent apoptosis, in combination with reversible and selective inhibitors of the cycle of proliferating epithelial and hematopoietic cells might be able to induce apoptosis selectively in cancer cells (Fig. 10) .
In addition to their beneficial effects, there is abundant evidence that ITCs induce cellular stress themselves. As mentioned above, the exposure of cells to ITCs leads at least transiently to a decrease in the pool of cellular thiol coumpounds, especially GSH. ITCs also cause rapid increases in cellular ROS levels, as evidenced by BITC-treated several cell lines. 113, 117, 119) Although the beneficial effects, such as phase 2 gene induction, decreased at higher ITC concentrations, 123) the increase in intracellular ROS levels in RL34 cells was dose-dependent up to 100 mM BITC. 113) More recently, we observed in experiments using the mitochondrial DNA-deficient ( 0 ) cells that the major source of BITC-stimulated ROS production is the mitochondria electron transfer chain. 119) Treatment of mitochondria isolated from rat liver with BITC resulted in inhibition of respiration, mitochondrial swelling, and the release of cytochrome c, 93, 113) a clear indication that ITCs directly damage mitochondria. Therefore, inhibition of mitochondrial respiration by BITC might also be engaged in ROS accumulation sufficient to induce oxidative damage. Induction of oxidative stress by higher concentrations of ITCs might contribute to a narrow threshold to exhibit apoptosis. An unfavorable effect of higher concentrations of ITCs has also been observed; treatment with an excessive concentration of BITC resulted in severe cytotoxicity with caspase-3 inactivation and no formation of DNA ladder, 113, 119) leading to necrotic cell death and thus damage to the surrounding cells. An analysis using the mitochondrial DNA-deficient HeLa cells and 2-deoxyglucose, an inhibitor of ATP synthesis, indicated that the decline in the intracellular ATP level plays an important role in tuning the mode of cell death due to higher concentrations of BITC from apoptosis to necrotic cell death. 119) Clearly, additional preclinical studies using appropriate in vivo animal models as well as carefully designed pharmacokinetics studies are needed before clinical testing of BITC as a cancer preventive or therapeutic agent.
IV. Conclusion and Perspective
Undoubtedly, electrophiles in foods, including ITCs, possess potential to exhibit various biological activities. Transcriptional induction of phase 2 cytoprotective genes involved in cellular defense against chemical carcinogens and oxidative stress substantially contributes to their preventive activity. Although promising candidates as anticarcinogens, electrophiles were also demonstrated to enhance tumorigenesis in some in vivo experiments. For instance, both BITC and PEITC promote urinary bladder carcinogenesis in rats treated with diethylnitrosamine and N-butyl-N-(4-hydroxybutyl)nitrosamine, especially at the post-initiation phase, 124) which is possibly through necrotic cytotoxicity. 125) Our studies support the idea that intake of excess amounts of electrophiles, inducing necrotic cell death, provokes an inflammation reaction that can contribute to promotion of the carcinogenesis process. Since the dose employed was higher than that required for chemoprevention, the promotional effect of ITCs might be dependent on the concentration. We also obtained the puzzling result that treatment with a typical phenolic antioxidant unexpectedly enhanced oxidative stress and thus tumor promotion even when the dose was increased. Topical pretreatment with a high dose (>1 mmol) of protocatechuic acid (PA), a benzoic acid derivative having a catechol moiety with a strong antioxidative effect, significantly enhanced mouse skin tumor promotion, inflammation, and oxidative stress, whereas a lower dose (about 10 nmol) attenuated these responses. 126) Application of PA alone in large amounts also caused immunoinflammatory responses, including contact hypersensitivity. 127) This strongly suggests that the oxidized quinone metabolites of PA, which can bind nucleophilic residues of proteins and conjugates of which are recognized as antigens, was involved in the alteration of the cellular immune functions, including oxygen radical-generating leukocyte migration to inflamed regions. Possible toxic effects of phenolic antioxidant administration on liver and kidney have also been observed. 128) In addition to such toxic mechanisms, it has recently been reported that Nrf2 activation can enhance the resistance of cancer cells to chemotherapeutic drugs. 129) Thus electrophiles experimentally possess both beneficial and harmful effects in a dose-dependent manner (Fig. 11) . Our study of necrosis induction by BITC examined concentrations of BITC up to 100 mM as a suprapharmacological but locally achievable dose, since recent preclinical evaluation revealed that an ITC concentration in the gastric lumina of approximately 600-2,000 mM was temporally achieved after consumption of broccoli extract. 87 ) Therefore, more attention should be paid to the dose administered as a supplement of condensed extracts, and hence carefully designed pharmacokinetic studies are needed before clinical testing of electrophiles. Further studies not only on the more precise molecular mechanisms of the beneficial effects of electrophiles but also on the optimization of their dose or dose scheme for clinical study are necessary. In addition, strategies that use multiple agents with different modes of action rather than individual single agents should produce results with higher efficacy and lower toxicity. Thus there is a need for investigation concerning the combinatory use of certain food chemicals with electrophiles to achieve synergistic interaction for an anti-cancer effect and lowered harmful effects.
